Introduction
The G-protein-coupled olfactory receptors (ORs) make up a large multigene family that includes approximately 1000 members in mice (Zhang and Firestein, 2002) . Functional characterization of ORs has shown that they recognize a wide range of odorants in the olfactory epithelium (Firestein, 2001; Mombaerts, 1999; Touhara, 2002) and that a combination of activated ORs encodes the identities of different odorants (Kajiya et al., 2001; Malnic et al., 1999; Touhara, 2001) . Interestingly, some genes belonging to the OR family are expressed in the male germ cells of mammals, including human, dog, rat and mouse (Parmentier et al., 1992; Vanderhaeghen et al., 1997) . In these cases, the OR proteins appear to be expressed in late spermatids and on the tail midpiece of mature spermatozoa, implying that testicular ORs are involved in sperm maturation, migration or fertilization (Vanderhaeghen et al., 1993; Walensky et al., 1995) .
In olfactory neurons, odorants bind to ORs, which activate G proteins and initiate signal transduction via adenylyl cyclase. This leads to the opening of cyclic-nucleotide-gated (CNG) channels and Ca 2+ influx (Firestein, 2001) . Some of the components in the olfactory pathways, such as Gα olf , adenylyl cyclase III and CNG channels, are also expressed in testis and sperm (Defer et al., 1998; Gautier-Courteille et al., 1998; Weyand et al., 1994; Wiesner et al., 1998) , suggesting that testicular ORs can recruit the same cAMP-Ca 2+ signaling cascade as in the olfactory epithelium. This concept is also supported by the finding that β-arrestin2, which might mediate the desensitization of ORs, is localized with OR proteins in the mid-piece of rat sperm (Dawson et al., 1993; Walensky et al., 1995) . Ca 2+ and cyclic nucleotides are also key elements in the regulation of sperm motility in many species. For example, resact, a chemoattractant peptide from the sea urchin (Ward et al., 1985) , binds to a membrane receptor on sperm and increases cGMP levels, followed by a transient influx of Ca 2+ (Kaupp et al., 2003; Kirkman-Brown et al., 2003) . Spermactivating and -attracting factor from ascidian sperm, which was recently identified as a sulfated steroid (Yoshida et al., 2002) , also causes Ca 2+ influx and an increase in intracellular cAMP in sperm (Izumi et al., 1999) . Furthermore, many studies in mammals have demonstrated an association between sperm motility and increased intracellular Ca 2+ and/or cAMP levels (Baldi et al., 2002; Darszon et al., 2001; Suarez and Ho, 2003) . Collectively, these observations suggest that cyclic nucleotides and Ca 2+ play an important role in the regulation of sperm motility.
Given this evidence, it is conceivable that testicular ORs (Spehr et al., 2003) . Although bourgeonal is probably not an endogenous compound in the body, the study supported the idea that human ORs act as chemoreceptors for small molecules in sperm.
In addition, MOR23 [a mouse OR encoded by the MOR267-13 (Olfr16) gene] is expressed in the olfactory epithelium as well as in the testis (Asai et al., 1996) . MOR23 was functionally cloned from single olfactory neurons that responded to the floral odorant lyral (Touhara et al., 1999) . The response was recapitulated in both homologous and heterologous expression systems, verifying that one of the cognate ligands for MOR23 is lyral (Touhara et al., 1999) . Because MOR23 appears to function as a receptor for lyral in the olfactory epithelium, it is possible that MOR23 acts as a chemoreceptor in the testis. To clarify the function of testicular ORs in mice, we analysed the developmental expression of MOR23 in testis and the responsiveness of germ cells to lyral. Furthermore, we generated transgenic (Tg) mice that express high levels of MOR23 in testis to clarify its functional role in sperm. Herein, we demonstrate that MOR23 is functionally expressed in mouse spermatogenic cells and sperm, and that MOR23 activation increases intracellular Ca 2+ and regulates sperm motility.
Materials and Methods

Odorants and reagents
Odorants used in this study were kindly provided by T. Hasegawa. Purities of odorants were checked by thin-layer chromatography before use. Odorant solutions were directly suspended by sonication in the buffer used in each assay to make 5 mM (for Ca 2+ imaging of HEK 293 cells and spermatogenic cells) or 50 mM (for Ca 2+ imaging of spermatozoa) stock solution and diluted to the indicated concentrations before the experiments. 8-Br-cAMP was purchased from Calbiochem (CA, USA).
RT-PCR analysis
Total RNA was prepared from tissues of adult C57BL/6CrSlc mice (Japan SLC, Hamamatsu, Japan) using TRIzol reagent (Life Technologies). DNase-I-treated RNA was reverse-transcribed using Superscript II (Life Technologies) and NotI-(dT) 18 primer (Pharmacia Biotech). 1/20th of the reverse-transcribed mixture was subjected to polymerase chain reaction (PCR) with 5′ primer specific for the MOR23-encoding gene and 3′ NotI primer. Nested PCR was performed with 1/50th of first PCR products and primers specific for MOR23. Amplifications were carried out for 35 cycles (94°C for 30 seconds, 55°C for 30 seconds, 72°C for 1 minute).
In situ hybridization Digoxigenin (DIG)-labeled sense and antisense probes were prepared from full-length MOR23, protamine 1 and H1t coding sequences in pBluescript II SK (+) (Stratagene) using DIG RNA labeling mix (Roche). 10-15-week-old C57BL/6CrSlc mice were sacrificed by cervical dislocation and perfused intracardially with 4% paraformaldehyde (PFA) in PBS. The testes were rapidly embedded in OCT (optimal cutting temperature compound) (Sakura, Tokyo, Japan) and cryostat sections (20 µm) were mounted on a Matsunami Adhesive Slide-coated glass slide (Mastunami Glass IND., Japan).
Serial sections were used to compare the expression patterns of different genes. Slides were postfixed with 4% PFA in PBS, treated with 0.3% H 2 O 2 in PBS, acetylated and then incubated overnight at 65°C with 200 µl hybridization buffer (50% formamide, 10 mM TrisHCl, pH 7.0, 0.2 ng ml -1 tRNA, 10% dextran sulfate, 1× Denhardt's solution, 600 mM NaCl, 0.25% sodium-dodecyl-sulfate (SDS), 5 mM EDTA) containing 50 ng DIG-labeled probe. The sections were washed at 65°C successively with 50% formamide in 2× SSC, 2× SSC and 0.2× SSC. Hybridization signals were detected using a tyramid signal amplification (TSA) biotin system (PerkinElmer Life Science) according to the manufacturer's protocol. Briefly, sections were blocked with 0.5% blocking reagent and incubated with sheep horseradish peroxidase (HRP)-conjugated anti-DIG Fab fragment (Roche). Signals were amplified by incubating the sections with biotinyl-tyramide and with alkaline phosphatase (AP) or HRPconjugated streptavidin. The sections were then incubated with NBT/BCIP (nitroblue tetrazolium chloride / 5-bromo-4-chloro-3-indolyl-phosphate, toluidine salt) (Roche) to detect bound streptavidin-AP or with DAB (3,3′-diaminobenzidene) (SigmaAldrich) for bound streptavidin-HRP. Finally, the sections stained with DAB were counterstained with methyl green (DAKO).
Construction of Tg mice expressing MOR23 in the testes
A Flag-tagged MOR23-encoding gene was introduced into pBluescript II SK (-) downstream of the calmegin promoter sequence (Watanabe et al., 1995) and upstream of the rabbit poly-A attachment sequence. The construct was excised with SalI and HindIII, separated by agarose gel electrophoresis and purified using a Qiaquick gel extraction kit (Qiagen). Tg mice lines were generated by injecting the purified DNA fragments into fertilized BCF1 (C57BL/6 × C3H) oocytes. The incorporation of the transgene was confirmed by PCR analysis using DNA extracted from the tail and a set of primers to amplify a fragment encompassing the calmegin promoter and the MOR23-encoding gene. The breeding lines of mice were maintained by backcrossing C57BL/6CrSlc.
Imaging of intracellular Ca 2+ levels
Imaging of intracellular Ca 2+ levels in HEK293 cells co-expressing Flag/rhodopsin-tagged MOR23 and Gα 15 was performed as described previously (Kajiya et al., 2001; Katada et al., 2003) . Briefly, 60-70% confluent HEK293 cells were transfected with 2.0 µg pME-18S-tagged MOR23 and 1.5 µg pME-18S-Gα15 using Lipofectamine 2000 (Invitrogen). 24 hours after transfection, cells were loaded with 5 µM fura-2/AM (Molecular Probes) for 30 minutes at 37°C and subjected to Ca 2+ imaging assay. For imaging of Ca 2+ levels in spermatogenic cells, seminiferous tubules were isolated from mouse testis in PBS. Several pieces of seminiferous tubules were treated for 7-10 minutes with 0.05% trypsin, for 5 minutes with 0.025% trypsin inhibitor (Sigma) and finally for 10 minutes with 0.12 U µl -1 DNase I (Sigma). The trypsintreated tubules were washed with HS buffer (135 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM lactic acid, 1 mM pyruvic acid, 30 mM HEPES, pH 7.4) supplemented with 15 mM NaHCO 3 and then spermatogenic cells were isolated on an uncoated glass-bottomed dish (Iwaki, Chiba, Japan) using an elastic glass pipette. The cells were loaded for 15 minutes at room temperature with 5 µM fura-2/AM and the dish was mounted in the recording chamber. Intracellular Ca 2+ levels were monitored as the ratio of fura-2 fluorescence (at 510 nm) by excitation at 340 nm and 380 nm. Odorants were applied sequentially to the cells with a peristaltic pump at a flow rate of 1.5 ml minute -1 , and cells were continuously washed with HS buffer , between stimulant applications. Application of K8.6 (135 mM KCl, 5 mM NaCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM lactic acid, 1 mM pyruvic acid, 30 mM HEPES, pH 8.6) (Wennemuth et al., 2000) was for 10 seconds. Olfactory receptor and sperm motility For the imaging of sperm Ca 2+ levels, spermatozoa were isolated from cauda epididymis and incubated for 15 minutes at 37°C in 500 µl HS buffer containing 15 mM NaHCO 3 and 5 mg ml -1 bovine serum albumin (BSA) (Sigma) to disperse the spermatozoa. The sperm suspension was then collected in a 1.5-ml plastic tube, and HS buffer was added to a final volume of 1 ml. The cells were incubated for 10 minutes at 37°C in an atmosphere of 5% CO 2 /95% air. The upper 50-µl layer of the sperm suspension containing motile spermatozoa was transferred into a 1.5-ml tube, and 50 µl 10 µM fura-2 supplemented with 0.02% Cremophor/EL in HS buffer was added. The mixture was incubated for 30 minutes at 37°C, after which a 100-µl sample of the fura-2-loaded sperm suspension was placed on a laminin (Invitrogen)-coated glass-bottomed dish. After a few minutes, the medium on the dish was gently replaced with fura-2-free HS buffer and the dish was washed three times to remove unattached sperm and excess fura-2. Intracellular Ca 2+ levels were measured for 10 minutes at 10-second intervals to reduce photobleaching of fura-2 and damage to sperm. Odorants were applied by adding 5 µl 50 mM solutions to the experimental dish containing 100 µl HS buffer. The final concentration of the stimulant was calculated assuming uniform distribution in the experimental medium.
Studies of sperm chemotaxis by tracking analysis
Spermatozoa were isolated from cauda epididymis into TYH buffer (120 mM NaCl, 5 mM KCl, 1.7 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 25 mM NaHCO 3 , 1 mM pyruvic acid, 5.6 mM glucose, 5 mg ml -1 BSA) (Toyoda, 1971) supplemented with 30 mM HEPES and adjusted to pH 7.2 with NaOH as described for the preparation of sperm for Ca 2+ imaging. The dispersed sperm suspension was collected in a 1.5-ml plastic tube, adjusted to 1×10 6 -3×10 6 cells ml
and incubated for 20 minutes at 37°C in an atmosphere of 5% CO 2 /95% air. Microcapillary tubes were loaded with 50-mM odorant, 10-mM 8-Br-cAMP or 10× K8.6, and the tube was placed on a Sigma Coat (Sigma)-coated glass-bottomed 3.5-mm dish (Iwaki) containing 300 µl of TYH buffer. Spermatozoa (30 µl 1×10 6 -3×10 6 cells ml -1 ) were applied gently at the edge of the dish and 1 cm away from the tip of the microcapillary tube, and 30 nl the stimulant was ejected from microcapillary tube using Digital Microdispenser (Drummond Scientific, USA) into the dish. The movement of spermatozoa toward the microcapillary tube was observed for 10 minutes using a DP-70 digital camera (Olympus) in a monitoring field of 0.8×0.6 mm. For sperm tracking analysis, the migration of each spermatozoon was traced manually at 1 second intervals during the time period 3-6 minutes after the ejection of the stimulant from the microcapillary. The traced spermatozoa were selected randomly but a trace that ended within 10 seconds was excluded from the analysis.
Sperm flagellar analysis
Sperm suspensions were prepared as described for the analysis of sperm chemotaxis. Sperm suspension (10 µl) was transferred to a 1.5-ml tube and mixed with 10 µl 2× stimulant solution. A 10-µl sample of the stimulated sperm suspension was mounted on a glass slide and fitted with 18×18 mm coverslips (Matsunami), and phase-contrast images were recorded with the DP70 digital camera. For Ca 2+ -free assay, sperm were isolated from cauda epididymis and dispersed into Ca 2+ -free buffer (120 mM NaCl, 6.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 25 mM NaHCO 3 , 1 mM pyruvic acid, 5.6 mM glucose, 5 mg ml -1 BSA, 30 mM HEPES) for 30 minutes. The sperm suspension was diluted fivefold in Ca 2+ -free or Ca 2+ -containing TYH buffer, and then added to equal volume of Ca 2+ -free or TYH buffer containing 5 mM lyral. The sperm suspension, which contained more than 40% non-motile irregular sperm in buffer condition, was not used in this assay.
Results
Expression of MOR23 in testis
To clarify the function of MOR23 in germ cells, we first examined the expression of MOR23. Reverse-transcriptase PCR (RT-PCR) analysis showed that MOR23 is expressed in both the olfactory epithelium and the testis, but not in the vomeronasal organ, ovary, brain or kidney (Fig. 1A) . We next examined the expression of MOR23 during the stages of spermatogenic development in C57BL/6 adult mouse testis by in situ hybridization using the TSA biotin system. Hybridization signals for the MOR23 antisense probe were detected in the adluminal cells of ~30% of the seminiferous tubules (Fig. 1B) . Identical patterns were obtained using APconjugated (Fig. 1B) and HRP-conjugated (Fig. 1D ) streptavidin. No signal was obtained using a MOR23 sense probe (Fig. 1C) , indicating that staining with the antisense probe was specific for MOR23-encoding mRNA. In addition, very faint signals were observed when the TSA system was not used, suggesting that MOR23-encoding transcripts are (C) Control for nonspecific staining using a MOR23 sense probe; no signal was observed. (E) A high-magnification image of the MOR23 antisense probe staining indicates that the MOR23-encoding transcript is localized in spermatogenic cells. Hybridization signals detected with AP-streptavidin followed by NBT/BCIP are stained purple (B,C), whereas those detected with HRP-streptavidin followed by DAB are stained brown and nuclei are counterstained with methyl green (D,E). Scale bars, 100 µm (B-D), 20 µm (E). present at low levels in testicular cells. A magnified image (Fig. 1E) shows that MOR23-encoding mRNA is localized in spermatogenic cells, possibly within the chromatoid body that might participate in the storage and transport of germ-cellspecific gene products, including germ-cell-specific RNAbinding protein (Noce et al., 2001) .
Different seminiferous tubules contained distinct groups of spermatogonia, spermatocytes, and spermatids at various points of development. To determine at which developmental stage MOR23 is expressed, we examined serial sections of seminiferous tubules for protamine 1 and H1t transcripts and also for their nuclear morphologies based on counterstaining with methyl green (Fig. 2A) . According to the 12-stage sperm development cycle in mice (Russell, 1990) , protamine 1 is expressed at stages I-III and IX-XII (Mali et al., 1989) , whereas H1t is expressed at stages VI-XII (Drabent et al., 1996) . MOR23 transcripts were observed in seminiferous tubules that expressed H1t but had little or no expression of protamine 1 (Fig. 2B ). In the seminiferous tubules, MOR23 transcripts were localized to inner layer cells but not to the spermatocyte layer expressing H1t in the corresponding seminiferous tubule in the serial sections (Fig. 2C) . These results suggest that MOR23 is transcribed in round spermatids during stages VI-VIII of sperm development (Fig. 2D) .
Effects of odorants on intracellular Ca
2+ in MOR23-expressing HEK293 cells MOR23 recognizes the floral odorant lyral and mediates an increase in intracellular Ca 2+ in olfactory neurons (Touhara et al., 1999) . To investigate this further, we analysed the effect of lyral on the level of intracellular Ca 2+ in HEK293 cells transiently co-expressing Flag/rhodopsin-tagged MOR23 and the promiscuous G protein Gα 15 . Intracellular Ca 2+ levels were assessed using the Ca 2+ -sensitive dye fura-2. We found that MOR23-expressing HEK293 cells responded to lyral in a dosedependent manner (Fig. 3B ). Treatment with 3 mM lyral caused an increase in Ca 2+ in 38±8.6% of the cells (average from three experiments) and the average amplitude was a change in fluorescence ratio (∆F) of 0.18±0.03 (average from ten cells in three experiments). In addition, bourgeonal, which has been reported to cause chemotaxis in human sperm (Spehr et al., 2003) , had no effect on the level of intracellular Ca 2+ . Likewise, heptanal, which is a ligand for the mouse I7 receptor (Araneda et al., 2000; Zhao et al., 1998) and is also expressed in testis (data not shown), did not enhance the level of intracellular Ca 2+ (Fig. 3) . These results suggest that bourgeonal and heptanal are not ligands for MOR23 and confirm the specific effect of lyral on MOR23.
2+ in spermatids and spermatozoa We next examined the effect of odorants on the level of intracellular Ca 2+ in spermatogenic cells isolated from C57BL/6 mouse testis. Similar to the observations in the HEK293 cells, lyral induced a dose-dependent increase in intracellular Ca 2+ as indicated by an increase in ∆F ratio (Fig.  4A) . The threshold concentration for a response to lyral in spermatogenic cells was slightly higher than that in the MOR23-transfected HEK293 cells (i.e. HEK 293 cells, ~0.3 mM; spermatids, ~1 mM). As a positive control for Ca 2+ -response (including cell viability, Ca 2+ -sensitive dye loading and stable adhesion to glass-base dish), we also stimulated (Russell, 1990) showing the stages expressing MOR23 (magenta), protamine 1 (blue) and H1t (green) transcripts. MOR23 was expressed during stages VI-VIII. Scale bar, 100 µm.
them with K8.6, a high potassium solution that induces an increase in intracellular Ca 2+ in living spermatogenic cells and spermatozoa (Wennemuth et al., 2000) . In all Ca 2+ -imaging experiments, the proportion of lyral-responding cells was calculated based on K8.6-responding population that was 60% of total prepared cells. Stimulation with 3 mM lyral caused an increase in intracellular Ca 2+ in 29±7.2% of the K8.6-responding spermatogenic cells (142 out of 513 cells in 18 preparations). This is a reasonable number, considering that in situ hybridization showed that MOR23 transcripts occur in the round spermatids of approximately 30% of the seminiferous tubules (Fig. 1B) .
Stimulation with lyral also caused an increase in intracellular Ca 2+ in cauda epididymal sperm. The Ca 2+ -response to lyral was observed as low as 250 µM lyral stimulation (three out of 34 in five preparations), and the proportion responding epididymal spermatozoa to 2.5 mM lyral was 11±3.5% (11 out of 107 K8.6-responding spermatozoa from six preparations) (Fig. 4B) . Treatment with 2.5 mM dihydromyrcenol, a compound that is structurally similar to lyral but is not a ligand for MOR23 (Touhara et al., 1999) , did not cause an increase in intracellular Ca 2+ (data not shown). The order of odorant application did not affect the changes in intracellular Ca 2+ (data not shown). These results suggest that a lyral receptor, potentially MOR23, is functionally expressed in a proportion of spermatids and spermatozoa. Finally, unlike human sperm (Spehr et al., 2003) , none of the 76 mouse spermatozoa tested responded to bourgeonal (Fig. 4B ). This finding is consistent with the recent unpublished observation that bourgeonal did not induce Ca 2+ increases in mouse sperm (Spehr et al., 2004) .
Generation of mice expressing a MOR23-encoding transgene in testis
To confirm that the effect of lyral on germ cells is mediated by MOR23, we generated Tg mice expressing high levels of MOR23 in all spermatids. To direct expression of MOR23 in the testis, we linked MOR23 to the promoter for calmegin, a chaperone expressed in the testis (Watanabe et al., 1995) (Fig.  5A ). Genome PCR analysis with specific primers confirmed that MOR23-encoding transgene was incorporated in the Tg mice (Fig. 5B) . In situ hybridization further revealed that expression of the MOR23-encoding transgene in the testis of three different Tg mouse lines was much higher than the expression of the endogenous MOR23-encoding gene in wild-type mouse testis (Fig. 5C ). The expression pattern of the MOR23-encoding transgene in Tg mouse testis was identical to that of calmegin transcripts observed from late pachytene spermatocyte stage to elongated spermatid stage (Watanabe et al., 1994) . Finally, using immunoprecipitation and western-blot analysis with an anti-Flag antibody, we found Tg-mouse-specific proteins in the lysates of testis and epididymis, confirming expression of the Flag-MOR23 protein (data not shown).
Response of germ cells in MOR23 Tg mice to lyral
We next examined the responsiveness of germ cells from MOR23 Tg mice to lyral. We compared the proportion of responding cells as well as the amplitude of the responses for Tg and wild-type mice. The threshold concentration for stimulation by lyral in spermatogenic cells from Tg mice was similar to that in cells from wild-type mice (approximately 1 mM) (Fig. 6A, left) . The average amplitude of maximal increases in fura-2 fluorescence in spermatogenic cells from Tg mice (∆F ratio=0.16±0.01 for 16 cells from three preparations) was higher than that in spermatogenic cells from wild-type mice (0.09±0.01 for 16 cells from three preparations) (Fig. 6A , middle). In addition, the proportion of Tg spermatogenic cells responding to 3 mM lyral was 60±8.3% (304 out of 533 spermatogenic cells from 19 preparations), whereas it was 29±7.2% in spermatogenic cells from wild-type mice (142 out of 513 spermatogenic cells from 18 preparations) (Fig. 6A,  right) . The increase in the number of responsive cells in Tg mice compared with wild-type mice was probably due to the expression of MOR23 at earlier stages of spermatogenesis under the control of the calmegin promoter. We also examined the effect of lyral on sperm. As in the case of spermatogenic cells, we found that lyral elicited intracellular Ca 2+ increases in Tg mouse sperm (Fig. 6B, left) . The proportion of spermatozoa from Tg mice responding to 2.5 mM lyral was 53±14% (39 out of 76 sperm from five preparations), whereas the proportion in spermatozoa from wild-type mice was 11±3.5% (11 out of 107 sperm from six preparations) (Fig. 6B, middle) . These results suggest that about half of the spermatozoa have the potential to express MOR23, though only a proportion of spermatozoa appear to express MOR23 in wild-type mice. By contrast, the amplitude of changes induced by lyral was not significantly different than in spermatozoa from wild-type mice (Fig. 6B, right) , indicating that the level of endogenous MOR23 expression in spermatozoa was high enough to give a maximal response to lyral. These results suggest that MOR23 functions as a lyral receptor in spermatozoa and support the idea that lyral induces an increase in intracellular Ca 2+ in spermatozoa through MOR23. Bourgeonal did not cause an increase in intracellular Ca 2+ in Tg mouse sperm (0 out of 31 sperm in nine experiments, data not shown), further supporting our finding that MOR23 and any other ORs expressed on mouse spermatozoa do not recognize bourgeonal. 
Ca
2+ regulates sperm motility (Eisenbach, 1999; Suarez and Ho, 2003) , we next examined the physiological relevance of MOR23-mediated increases in intracellular Ca 2+ to sperm movement. Spermatozoa from Tg mice (30 µl of 10 6 spermatozoa ml -1 ) were placed at the edge of a 3.5-cm glassbottomed dish containing 0.3 ml buffer, approximately 1 cm from the tip of a microcapillary containing buffer or 50 mM lyral. A gradient was generated by ejecting 30 nl of the solution from the microcapillary, and the movement of spermatozoa around the tip of the microcapillary glass was monitored for 10 minutes with a digital camera. A significant amount of spermatozoa accumulated around the tip of the microcapillary glass from which lyral was ejected, whereas spermatozoa did not reach or remain around the microcapillary containing TYH buffer (Fig. 7A) . Fig. 7B shows the time course of the accumulation of Tg spermatozoa in a 200-µm radius circle around the tip of the microcapillary. When lyral was ejected from the microcapillary, some spermatozoa began to arrive and stayed in the observation area within 3-5 minutes. By contrast, TYH buffer had little effect on sperm accumulation. A significant difference between lyral and TYH buffer was observed after 4 minutes (P<0.01 after 4-7 minutes; P<0.05 after 8-10 minutes).
Similarly, a significant amount of wild-type spermatozoa accumulated around the microcapillary tip when lyral was ejected, although it was less than for Tg mouse sperm (Fig.  7C ). Significant sperm accumulation was not observed when the microcapillary contained dihydromyrcenol or bourgeonal (Fig. 7C) , indicating that the sperm accumulation was specifically due to lyral and not the result of a non-specific chemical effect of lyral. Furthermore, K8.6 and 8-Br-cAMP, which induce Ca 2+ influx in spermatozoa, did not cause the accumulation of spermatozoa, suggesting that OR-mediated Ca 2+ influx is necessary for inducing the accumulation (Fig.  7C) .
Examination of sperm movement by tracking analysis
Sperm accumulation could result from chemotaxis, chemokinesis or trapping. To determine which of these mechanisms accounted for sperm accumulation to lyral, we performed tracking analysis, which can distinguish between chemotaxis and other mechanisms that can cause sperm accumulation (Eisenbach and Tur-Kaspa, 1999; Jaiswal et al., 1999; Ralt et al., 1994) . Tracking analysis was carried out on wild-type spermatozoa that appeared in the monitoring field. The migration of each spermatozoon was traced manually at intervals of 1 second during the 3-6 minute after the ejection of lyral or TYH buffer from the microcapillary (Fig. 8A) . The proportion of spermatozoa in the monitoring field that swam toward the microcapillary was 44.5±0.5% for lyral (22 out of 49 traced spermatozoa in four experiments) and 24.5±7.4% for TYH buffer (nine out of 42 traced spermatozoa in four experiments). Among 22 spermatozoa that reached the lyralcontaining microcapillary, 18 (80%) made directional changes towards the lyral gradient, whereas spermatozoa did not make directional changes towards a capillary containing TYH buffer. These results suggest that lyral-mediated sperm accumulation is due to chemotaxis.
Analysis of sperm flagella
In rat sperm, an increase in intracellular Ca 2+ enhances flagellar beating asymmetry, whereas a high concentration of intracellular Ca 2+ induces quiescence coupled with a distinct fishhook-like configuration owing to maximal asymmetry (Gibbons and Gibbons, 1980; Lindemann and Goltz, 1988) . Similarly, during the course of our sperm accumulation assay, we observed a decrease in progressive motility of spermatozoa near the lyral-containing microcapillary tip as well as a curvature of flagella in an opposite direction. When spermatozoa were exposed to 2.5 mM lyral, the movement arrest with fishhook-like flagellar configuration was induced in 19.2±1.0% of wild-type spermatozoa (63 out of 323 from five experiments) (Fig. 8B ). The arrest with the flagellar curvature was not observed with bourgenonal, dihydromyrcenol or buffer control, although sperm movement was arrested with straight flagellar configuration at high concentrations of bourgenonal or dihydromyrcenol (2.5 mM). The movement suppression induced by these odorants was probably due to a nonspecific chemical damage, which might explain why some sperm accumulated near the capillary containing these chemicals Journal of Cell Science 117 (24) (± s.e.; buffer, n=4; LY, n=6) . A significant difference was observed between lyral and buffer after 4-7 (P<0.01) and 8-10 (P<0.05) minutes. (C) The numbers of Tg and wild-type spermatozoa attracted toward gradients of buffer, 50 mM lyral (LY), 50 mM dihydromyrcenol (DM), 50 mM bourgeonal (B), 10× concentrated K8.6 (K8) or 10-mM 8-Br-cAMP (cAMP). The graph shows the number of spermatozoa that accumulated in the 200-µm radius circle around the tip of each microcapillary. The numbers in parentheses represent the number of experiments performed for each reagent. *, P<0.05; **, P<0.01 (Student's t test, ± s.e.). (Fig. 7C) . The number of the fishhook-like flagellar sperm induced by lyral stimulation increased in a dose-dependent manner and was larger in Tg mice than that in wild-type mice (for 2.5 mM lyral, Tg mice had 47.0±5.0% fishhook-like flagellar sperm, whereas the wild type had 19.2±1.0%; from five experiments) (Fig. 8C) . Furthermore, no fishhook-like flagellar configuration was induced by 2.5 mM lyral in spermatozoa in Ca 2+ -free buffer, whereas flagellar curvature was observed again when the spermatozoa were returned into Ca 2+ -containing buffer (Fig. 8D) . These results support the idea that lyral stimulation of MOR23 causes an increase in intracellular Ca 2+ and modulates flagellar configuration. Finally, the fishhook configuration was not observed with 1× K8.6 solution or 3 mM cAMP analog (data not shown), suggesting that a simple Ca 2+ influx was not sufficient to cause sperm flagellar curvature.
Discussion
In this study, we investigated the functional consequence of MOR23 expression in mouse germ cells by using lyral, a cognate ligand of MOR23. Lyral caused an increase in intracellular Ca 2+ in a proportion of spermatids and spermatozoa. Comparison of the responsiveness of MOR23 Tg and wild-type germ cells suggested that lyral increases intracellular Ca 2+ via MOR23. A gradient of lyral appears to induce sperm accumulation by promoting changes in sperm flagellar asymmetry. These results imply that odorant-OR interaction causes intracellular Ca 2+ increase and mediates the chemosensing ability of the spermatozoa.
During spermatogenesis, MOR23 appears to be expressed at specific stages in the round spermatids of approximately 30% of the seminiferous tubules. This expression during limited stages of spermatids is similar to the expression pattern of some members of the spermatid chemoreceptor family (a family of rat ORs) in the testis (Walensky et al., 1998) . This contrasts with the report by Tatsura et al. (Tatsura et al., 2001 ) that TOR9, an OR family member, is expressed in 90% of seminiferous tubules. The large difference between the expression patterns could be attributed to differences between OR genes or to differences in hybridization conditions. We also observed that some other ORs distinct from MOR23 are expressed during earlier spermatogenic stages (data not shown), suggesting that there are at least two types of OR gene expression pattern during spermatogenesis. Further analysis of the expression patterns of other testicular ORs and generation of a reliable anti-OR antibody will be necessary to elucidate the functional consequence of different expression profiles of testicular ORs.
Imaging of intracellular Ca 2+ with fura-2 showed that approximately 10% of cauda epididymal sperm responded to lyral, suggesting that MOR23 was expressed in a limited proportion of the total spermatozoa. A previous report demonstrated that approximately 5% of spermatozoa from dog testes are strongly stained with an antibody against DTMT, a dog OR (Vanderhaeghen et al., 1993) . In addition, bourgeonal -containing buffer (assay -or +, respectively) and then stimulated with 2.5 mM lyral (± s.e., n=3).
induces an increase in intracellular Ca 2+ in 36% of human sperm (Spehr et al., 2003) . It therefore appears that each OR is expressed in 5-40% of the total sperm cells, depending on the OR and the species. Lyral caused an increase in intracellular Ca 2+ in approximately 50% of spermatozoa in MOR23 Tg mice, suggesting that about half of the population of spermatozoa have the potential to respond to small molecules via ORs. Whether each sperm expresses one or multiple ORs remains unknown, and differences between the type of ORs expressed in individual sperm cells could provide heterogeneity related to an intergametic selection phenomenon. In this regard, only a limited proportion of spermatozoa exhibit chemotactic behavior in mammalian sperm chemotaxis assays. For example, only 13% of mouse sperm cells (Oliveira et al., 1999) and 2-12% of human sperm cells show chemotaxis to follicular fluid. We also found that limited proportion of the mouse sperm accumulated towards an ascending gradient of lyral. Although it has been suggested that the number of chemoattracted sperm to follicular fluid corresponds to the population of capacitated sperm (CohenDayag et al., 1995) , our data suggest that the population of chemotactically active sperm are not likely to be restricted by capacitation, because the number of accumulated spermatozoa towards lyral was larger in Tg mice than in wild-type mice under the same capacitation conditions. It is, however, also possible that ORs are involved in capacitation and therefore that the population of capacitated sperm is higher in Tg mouse spermatozoa. It remains to be elucidated whether chemotaxis is regulated by capacitation or OR expression, or both.
Investigation of the chemotactic response to lyral by tracking analysis suggested that mouse sperm swam towards a gradient of lyral with directional changes, which are caused by Ca 2+ -induced flagellar beating asymmetry. The sperm that reached the vicinity of the microcapillary tip appeared to arrest with a fishhook flagellar configuration associated with a high concentration of intracellular Ca 2+ . The effects of intracellular Ca 2+ on asymmetric flagellar changes are well documented in non-mammalian sperm and are thought to be essential for sperm chemotaxis (Eisenbach, 1999) . Our study suggests that Ca 2+ -mediated asymmetric flagellar changes are also involved in chemotaxis of mammalian sperm.
The Ca 2+ -induced bend of sperm flagella has been reported to be the result of a local mechanism in which the mid-piece plays a crucial role (Gibbons and Gibbons, 1980; Lindemann and Goltz, 1988) . We demonstrated that K8.6 and 8-Br-cAMP, which enhance intracellular Ca 2+ in spermatozoa, did not cause sperm accumulation or sperm flagellar asymmetry. Thus, our results suggest that a simple Ca 2+ influx alone is not sufficient to cause sperm chemotaxis. Rather, a local increase in Ca 2+ , probably in the mid-piece, where ORs might be located as demonstrated for a dog testicular OR (Vanderhaeghen et al., 1993) , is probably necessary for chemosensing and regulation of sperm motility.
ORs are known to recognize a range of structurally related odorants with various thresholds (Araneda et al., 2000; Kajiya et al., 2001) . Although the threshold concentration for a MOR23 response to lyral is relatively high [i.e. 10-100 µM in olfactory neurons, ~300 µM in HEK293 cells (Fig. 3B) , ~250 µM in germ cells (Fig. 4B, Fig. 8C )], endogenous MOR23 ligand(s) or other odorants might show higher affinity than lyral. The nature of possible endogenous ligand(s) for MOR23
is not currently known but it might be a small molecule, because many sperm chemoattractants are small chemicals or short peptides. For example, resact is a 14-amino-acid peptide that is released from the egg jelly layer and acts as a sperm chemoattractant in sea urchin (Ward et al., 1985) . In addition, sperm-activating and -attracting factor, a chemoattractant for ascidian sperm, is a sulfated steroid (Yoshida et al., 1993) , and the attractant for corals is an aliphatic alcohol with a molecular weight of 240 Da (Eisenbach, 1999) . Thus, MOR23 probably recognizes a small ligand(s) that is structurally related to lyral and is released in the female reproductive tract. Interestingly, both bourgeonal and lyral are small organic compounds that possess an aldehyde group. Further work will focus on screening endogenous ligands to help understand the physiological role of ORs in sperm function.
In summary, our results suggest that the mouse testicular OR MOR23 functions as a chemosensor in sperm, and that MOR23-mediated increases in intracellular Ca 2+ stimulate sperm motility. Several intriguing questions have remained to be elucidated. (1) Does each sperm express one or multiple ORs? (2) Is MOR23 the only OR that functions in mouse sperm? (3) What is the molecular mechanism of OR-mediated signaling in sperm? (4) Is there an endogenous ligand(s) for MOR23? (5) What is the functional relevance of MOR23 and an endogenous ligand for sperm-egg communication? The in situ hybridization technique for testicular OR genes and the MOR23-expressing Tg mouse lines established in this study are powerful tools with which to answer these questions. Identification of an endogenous OR ligand(s) possibly in the follicular fluid and its application to sperm-egg physiology will help to elucidate the basic developmental biology of cell motility and fertilization. Finally, we speculate that ORmediated sperm-egg communication, which occurs after mating, is analogous to sex-pheromone-mediated tracking behavior observed in a wide range of species.
